Time-domain equalization is crucial in reducing inter-carrier and inter-symbol interference in multicarrier systems. A channel shortening time-domain equalizer (TEQ), which is a finite impulse response (FIR) filter, placed in cascade with the channel produces an effective impulse response that is shorter than the channel impulse response. We show that finite length minimum mean squared error (MMSE) and maximum shortening SNR (MSSNR) TEQs are approximately symmetric, and infinite length MSSNR TEQs with a unit norm TEQ (UNT) constraint are exactly symmetric. A symmetric TEQ halves FIR implementation complexity, enables the frequency-domain equalizer and TEQ to be trained in parallel, and exhibits only a small loss in hit rate over nonsymmetric TEQs. In addition, a symmetric MSSNR-UNT TEQ reduces training computational complexity by a factor of 4 and doubles the length of the TEQ that can be designed.
INTRODUCTION
Multicarrier modulation (MCM) techniques such as orthogonal frequency division multiplexing (OFDM) and discrete multi-tone (DMT) have been receiving increasing attention in the literature recently, and they have been deployed in numerous industry standards. Applications include the wireless LAN standards IEEE 802.1 la and HIPERLAN2; Digital Audio Broadcast (DAB) and Digital Video Broadcast (DVB) in Europe; and asymmetric and very-high-speed digital subscriber loops (ADSL, VDSL). MCM is attractive due to the ease with which it can combat channel dispersion, provided that the channel delay spread is not greater than the length of the cyclic prefix (CP). The cyclic prefix is a copy of the last Y samples of each symbol which is prepended to the start of each symbol in order to make the convolution of the data and channel appear periodic. However, if the CP 
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The University of Texas at Austin Dept. of Electrical and Computer Engineering Austin, TX 78712.1084, USA {ming,bevans}@ece.utexas.edu is not long enough, the orthogonality of the suh-carriers is lost and this causes both inter-camer interference (ICI) and inter-symbol interference (ISI).
A well-known technique to combat the ICI/ISI caused by an inadequate CP length is the use of a time-domain equalizer (TEQ). The TEQ is a finite impulse response filter that shortens the channel so that the delay spread of the combined channel-equalizer impulse response is not longer than the CP length. The TEQ design problem has been extensively studied in the literature [I] - [lo] . This paper analyzes the MMSE [I] and MSSNR [41 TEQ design methods.
SYSTEM MODEL AND NOTATION
The multicarrier' system model is shown in Fig. 1 . Each block of hits is divided into 4 bins, and each bin is viewed as a QAM signal that will be modulated by a different carrier. An efficient means of implementing the multicamer modulation in discrete time is to use an inverse fast Fourier transform (IFIT). The IFFI converts each bin (which acts as one of the frequency components) into a time-domain signal. After transmission, the receiver can use an FFT to recover the data within a bit error rate tolerance, provided that equalization has been performed properly.
In order for the subcaniers to be independent, the convolution of the signal and the channel must be a circular convolution. It is actually a linear convolution, so it is made to appear circular by adding a cyclic prefix to the start of each data block. The cyclic prefix is obtained by prepending the last U samples of each block to the beginning of the block. If the C P is at least as long as the channel, then the output of each subchannel is equal to the input times a complex scalar, The signals can then be equalized by a bank of complex gains, referred to as a frequency-domain equal- 
THE TEQ IMPULSE RESPONSE
This section shows that the MSSNR and MMSE designs often lead to TEQs with highly symmetric impulse responses. Section 3.1 reviews MSSNR and MMSE design methods. Section 3.2 shows why symmetry occurs in TEQ impulse responses, and Section 3.3 analyzes infinite-length MSSNR and MMSE TEQ designs.
The MSSNR and MMSE solutions
Consider the maximum shortening SNR (MSSNR) TEQ design [4] . This technique attempts to maximize the ratio of the energy in a window of the effective channel over the energy in the remainder of the effective channel. Define H,,, and Hwa[l as in [41, (2) Solving (1) leads to a TEQ that satisfies the generalized eigenvector problem,
The solution for w will he the generalized eigenvector cor- B, (A + G) ). This allows for a unified treatment of the MSSNR and MMSE TEQ designs.
Symmetry in eigenvectors
Let J he the square matrix with ones on the cross diagonal, and zeros elsewhere. Symmetric centrosymmeuic N x N matrices are defined as matrices in the set VN = { C : CT = C, JCJ = C } .
(7)
Symmetric centrosymmetric matrices of size N The transmission delay in samples, A, was determined via a global search for the MSSNR solution, and the same A was used for each corresponding MSSNR-UNT solution. The ratios were computed for Carrier Serving Area (CSA) test loops 1 through 8 and then averaged. Matlah code to reproduce Fig. 2 is available at [15] .
The MSSNR-UNT TEQ becomes increasingly symmetric for large TEQ lengths. whereas the MSSNR TEQ is approximately symmetric for all lengths, but does not display as strong a trend. Symmetric TEQs can be initialized by only computing half of the TEQ coefficients. For MSSNR, MSSNR-UNT, and MMSE solutions, this reduces the problem from finding an eigenvector (or generalized eigenvector) of an L., x L, matrix to finding an eigenvector (or generalized eigenvector) of a lL,/Z] x [L,/2] matrix [14] . This leads to a significant reduction in complexity, at the expense of throwing away the skew-symmetric portion of the filter. Reduced complexity algorithms are discussed in Section 4.
Yet another advantage of a perfectly symmetric TEQ is that is has a linear phase with known slope. Thus, if the channel is known, the phase response of the effective channel is known before the TEQ is designed. This allows the FEQ to be partially trained in parallel with the TEQ. Noting that B = HTH -A, taking the ratio of (12) to (13) Theorem 3.2 suggests (heuristically) that in the limit, the eigenvectors of A (the MSSNR-UNT solution) converge to the eigenvectors of HTH. Since HTH t V L~, its eigenvectors are symmetric or skew-symmetric. and taking the limit completes the proof.
SYMMETRIC TEQ ALGORITHM
We can force a perfectly symmetric even-length TEQ by rewriting wTAw as Notethat A and B have dimensions L, x L,, whereas A and B have dimensions 9 x We still require a symmetnc generalized eigendecomposttion, but its complexity has been reduced by a factor of 4. Table 1 shows the achievable bit rate using a 32-tap TEQ, for the MSSNR method 141 and the proposed symmetric MSSNR method. The channels were the eight standard CSA test loops. The performance loss for the proposed algorithm ranges from 0.1% (loop 3) to 10% (loop l), with an average loss of 3%. For some TEQ lengths (not shown), the symmetric TEQs have higher bit rates than their unconstrained counterparts. The symmetric MSSNR TEQ design has been implemented in the DMT TEQ Toolbox [16] .
